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ABSTRACT 

A senes of catlomc-exchange resins have been studied by DSC and TG over the 
temperature range 25-200 o C to determme the characterlstlcs of water loss Both techmques 
provide comparable but complementary mformatlon The temperature at whch the maxi- 
mum rate of water loss occurs 1s found to be dependent on sample size, but generally lies 
wlthm the range 80-90 o C under standardized condltlons The water capacity of the resins 1s 
shown to be strongly dependent on cation type rangmg from as low as 13-17% for the 

potassmm form to as lngh as 37-388 for H+ or magnesium cations No slgmflcant vanatlon 
1s observed m heats of water desorptlon wth respect to cation type, mdlcatmg that the bulk 
of the absorbed water may not necessanly be coordinated to the cation sites The resin water 
capacity is, however, shown to be related to the inverse of the cation size 

INTRODUCTION 

Catlomc-exchange resins have been shown to e&bit useful properties as 
desiccants [l-5] and these matenals have thus been applied to the problem of 
solvent drying An important variable m the apphcatlon of catlomc-ex- 
change resins 1s the nature of the cation whch 1s readily exchangeable The 
earliest studies [l] showed that the catlon type had a slgmflcant effect on 
both the water capacity of the resin and the drying kmetlcs These results 
were confirmed m later studies [4,5] of water absorption from non-polar 
solvents where the mverse relatlonshlp between capacity and catlon atormc 
weight was confirmed However, m the apphcatlon of catlomc-exchange 
resins for drying of polar solvents such as dloxane no slgmflcant difference 
was observed [3] m the drying efflclencles of a range of counter ions 

An alternative approach to ths problem 1s to study the desorptlon of 
bound water from the hydrated material since this will give a measure of the 
effective water capacity of the matenal Thermal techniques such as dlf- 
ferentlal scanning calonmetry (DSC) and thermogravlmetry (TG) are Ideally 
suited for such studies since they pernut the momtonng of water loss from 
the matenal by calonmetrlc or gravlmetrlc means, respectively Parameters 
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such as total water loss, heat of desorptlon and desorptlon temperature 
range should provide an insight as to the extent and strength of water 
bmdmg 

In this study a senes of catlomc-exchange resms have been prepared, 
allowed to equilibrate with atmosphenc moisture, and the water loss subse- 
quently studied as a function of temperature by both DSC and TG 

EXPERIMENTAL 

Materials 

Sulphomc acid-type strong acid cation exchange resin (DOWEX MSC-1, 
sodium form) was provided as a gift by the Dow Chenucal Co , US A The 
sodium form was acidified by treatment with 1 M hydrochloric acid and 
subsequently converted to other forms by treatment with appropriate nitrate 
solutions In each case the resins were washed with deionized water to 
remove excess electrolyte before au drying at 60” C The resins were 
activated by heating at 140 o C m au overnight Subsequently, the activated 
beads were powdered and allowed to stand m equlhbnum with the atmo- 
sphere for a penod of 3 days so as to absorb atmosphenc moisture 

DSC analym 

All DSC measurements were made with a Perkm Elmer DSC-2C mstru- 
ment equipped with a TA Data Station Powdered samples, ca 5 mg, were 
lightly crimped m standard alummmm sample pans and scanned over the 
temperature range from 17 to 227°C at a scan rate of 10” C mn-l The 
temperature scale was calibrated agamst standard samples of mdmm 
(156 65 O C) and zmc (419 52” C) at a scan rate of 10 O C nun-l Peak 
temperatures and the enthalpy of desorptlon were calculated with the Perkm 
Elmer standard TADS programme 

TG analym 

All TG measurements were carned out with a Mettler TA3000 thermo- 
gravlmetrlc analyser over a temperature range of 25-250 O C at a scan rate of 
10 O C nun-’ Powdered samples, ca 10 mg, were contained m the supphed 
alumma crucibles equipped urlth lids and pm-hole eats, and were heated 
under an inert nitrogen atmosphere Weight loss steps were computed with 
the TC 10 data processor which forms an integral part of the Mettler 
mstrument 

Cahbratlon of the temperature scale was accomplished by the Curie point 
method employmg the standard materials supplied with the instrument 
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RESULTS AND DISCUSSION 

DSC analysu 

General features 
The typical form of the DSC thermal curve for the dehydration of a 

cation exchange resin 1s illustrated m Fig 1 together with a base hne 
obtamed by rerunning the dehydrated resin It 1s significant that whereas the 
two thermal curves comclde at the hgh temperature end, there 1s a notlcea- 
ble mtsmatch at the starting temperature This occurs because the heat 
capacities of the starting material and the dehydrated resin at 17 o C differ 
because of the presence of absorbed water m the former At lugh tempera- 
tures the water has been dnven off and the two matenals are identical and 
exlvblt matchmg heat capacities At intermediate temperatures the dlf- 
ference between the two thermal curves 1s proportional to the heat capacity 
of the remammg bound water and the enthalpy of desorptlon of the water 
being driven off In these studies the value quoted as the enthalpy of 
desorptlon A Hdes has been denved from the area under the observed curve 
bordered by the calculated line indicated m Fig 1 Almost certainly, the 
value so denved will include a contrlbutlon from the heat capacity of the 
bound water but ths will not seriously invalidate the use of ths quantity for 
comparative purposes 

In addition to the value of AH,,,, whch 1s proportional to the amount of 
bound water, the thermal curves also provide the temperatures at which 
water loss begins (T,,,), occurs at a maxlmum rate (T,,) and 1s complete 
(T,,,) The general pattern 1s that water loss begins almost nnmedlately, 
peaks at temperatures m the regon of 80-90 o C and 1s complete at tempera- 

I I EASEL!,NE f 
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Fig 1 DSC thermal curve for water desorptlon from a DOWEX MSC-1 Ion exchange resin, 
lithmm form 
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tures approachmg 200°C By contrast, free water samples show an onset 
temperature close to 5O”C, a peak temperature close to the bolhng pomt of 
water (100 o C) and a T,, of about 110 ’ C The much broader thermal curves 
observed for all the ion-exchange resms implies that the water 1s present 
both as free water (contamed m pores and channels) which 1s readily lost 
and as fixed water (coordmated to lomc sties and cations) which 1s only 
removed at l-ugher temperatures The breadth of the temperature profile may 
also be partially a kmetlc effect due to the slow dlffuslon of the moisture 
from the pores and cavities of the matenal 

Effect of sample me and heating rate 
In prehmmary expenments it was Judged prudent to examme the effects 

of heating rate and sample size on the observed water loss charactenstlcs 
Study of a hthmm ion-exchange resin showed that whereas the value of 
AHdes was approximately constant the value of T,, was slgmflcantly 
dependent on the scan temperature Thus, the observed T,, increased from 
a low of 64” C at a scan rate of 2” C mm-’ to a hgh of about 110 O C at a 
scan rate of 25 O C mu-’ Whereas Gus 1s partially due to instrument effects, 
the observed shft may be largely attributed to the kmetlc features of the 
water loss process All subsequent DSC data reported m this paper were 
obtained at a fixed scan rate of 10” C n-m-l so as to provide standard 
condltlons for comparison purposes 

Sample size 1s also known to affect DSC data and so the acldlfled form of 
the exchange resin was exammed usmg sample sizes m the range l-10 mg 
The results for five sample sizes are summarized m Table 1 It 1s apparent 
that the T,, value progressively mcreases with sample size and this 1s 
presumably related to the dlffuslon control charactenstlcs of the loss of 
water from mcreasmg sample sizes Surpnsmgly, the value of AHdes 1s also 
substantially affected by sample size, particularly at very low sample sizes 
The reason for this 1s not completely clear, but it 1s possible that for very 
small samples significant errors may be introduced by water loss through the 

TABLE 1 

The influence of sample size on the observed water loss characterlstlcs 

Sample size (mg) a T,, (“C) AHdes (cal g-‘) b 

109 69 103 
2 46 84 155 
3 44 83 152 
5 23 88 163 
5 44 91 161 

10 21 106 152 

a Weight refers to wet sample, 1 e resin + bound water 
b A Hdes expressed m calories per mltlal weight of whole sample Resin = Dowex MSC-1 acid 

form Scan rate = 10 o C mu-’ 
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drying effect of the mtrogen gas stream pnor to commencement of the 
heating run Because of the significant effect of sample size all subsequent 
studies were carned out with samples m the range 5-5 5 mg 

One further point of interest 1s that free-acid type of the ion-exchange 
resin differs slgmflcantly m the form of the thermal curve from that of the 
metal cation resins Thus, at high temperatures the acid form shows the 
onset of a second endotherm at about 170 ’ C and this 1s probably mdlcatlve 
of the onset of degradation reactions since the acid form 1s known [l] to be 
less thermally stable than the salt forms whch may be regenerated at 
temperatures as h@ as 195 o C 

Effect of cation type on water absorptron and loss 
A senes of eight distinct cation types as well as the free-acid form of the 

resin were exammed m a comparative study, the results of whch are 
summarized m Table 2 In these studies the weight loss of the sample was 
also recorded by measurement of the encapsulated sample mass unmedlately 
before and after DSC measurement and these values are also tabulated It 1s 
immediately apparent that the resin capacity 1s dependent on the cation type 
with observed bound water rangmg from as low as 13% for the potassium 
form to as Hugh as 37% for the acid form. These results are generally m 
agreement with earlier studies [l] that showed a capacity exceeding 34% for 

TABLE 2 

Water loss charactenstlcs of a senes of ion exchange resms as monitored by DSC 

Cation Atomtc Iomc Weight Resin A&es ’ 
capacity b FFE) (cal g-l) weight radius Loss a 

(A) (%) (g H2O 

(is dry 

resin)-‘) 

A%es d 
(cal (g H@)-‘) 

H+ 3: 26 8 0 37 88 163 609 
A13+ 0 5 25 4 0 34 88 155 609 
L12+ 69 06 22 5 0 29 85 130 579 
Mg2+ 243 0 65 26 1 0 35 86 150 576 
Zn2 + 65 4 0 74 218 0 28 85 138 633 
Na2+ 23 0 95 17 9 0 22 81 114 638 
Ca2+ 40 0 99 18 7 0 23 82 117 626 
Sr*+ 87 6 113 13 6 0 16 77 95 695 
K+ 39 1 133 112 0 13 80 78 695 

Mean = 629 

a Determmed from weight of sample pan + sample after DSC run 
b Resin capacity expressed as weight of bound water per umt we&t of dry resm 
’ AH,,, expressed m calones per lmtlal weight of whole sample 
d A Hdes expressed m calones per umt mass of water lost Resm = Dowex MSC-1 with cations 

as indicated Scan rate = 10 ’ C mu-l 



0 I 2 3 
Mass water loss (mg) 

Fig 2 The relatlonshlp between the temperature of maximum rate of water loss (T,,,,) and 
the mass of desorbed water 0, Data from acid form but vanable sample size, n , data from 
various catlon types and sample size of 5 mg 

the acid form employed m drymg of non-polar solvents An mspectlon of 
the physical charactenstlcs of the catlons shows that the bound water 
content 1s approximately related to the size of the Ions, bound water 
increasing as lomc size decreases A second apparent trend 1s that the T,, 
value also vanes with the nature of the catlon and It would be temptmg to 
conclude that the kgher Tmax values encountered with small Ions reflects 
stronger bmdmg of the water However, comparison of these results with 
those obtamed on variation of sample size shows quite clearly that the T,, 
value 1s simply related to the amount of bound water released (Fig 2) and 
does not reflect any special characteristic of the cation 

The measured value AH,,, for the whole sample 1s seen to parallel the 
weight loss and 1s an effective measure of the bound water content of the 
resin even without separate gravlmetrlc determmatlon Calculation of AH,,, 
per gram of water lost gives values m the range 576-695 cal g-‘, with a 
mean of 629 cal g-l These values exceed the AH,,, value of water at its 
bollmg point (540 cal g-l), but this 1s not unreasonable smce the value must 
also Include the heat required to raise the temperature of the water 
Exammatlon of the values shows that there 1s no clear correlation with any 
of the lomc parameters and therefore no evidence of characterlstlc dlf- 
ferences m bmdmg of the water. It is, of course, possible that a substantial 
part of the water absorbed by the resms 1s not actually coordinated to the 
cations but merely contained m the pores and channels In this case the 
predominant bmdmg energy would be hydrogen bondmg between 
nelghbounng water molecules 
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TG analym 

The same samples were also analysed under smular condltlons by thermo- 
gravlmetry However, although the same heatmg rate was employed samples 
were contained m alumma crucibles fitted with pm-hole lids and somewhat 
larger (10 mg) samples were used The water-loss data were analysed by the 
conventional weight-loss curve and the derivative curve (DTG) The form of 
the DTG curve 1s seen to be quite analogous to that of the DSC curve (Fig 
3) with immediate weight loss at low temperatures, a peak m rate of weight 
loss at around 80 o C and a stable weight at about 200 o C 

The data from the TG curves for a series of different cation types are 
summarized m Table 3 It can be seen that the TG data 1s quite similar to 
those obtained from the DSC study Thus, the value of T,,, 1s generally 
quite close Presumably, the larger sample size IS compensated by the 
different geometry of the sample crucibles compared to the crimped sample 
pans used for the DSC study 

A more careful analysis of the relationship between resin capacity and 
cation type shows that there 1s an approximately inverse relationship be- 
tween the bound water content and the radius of the cation (Fig 4) Of some 
interest 1s the observation that the slopes of the lines are different for the 
singly and doubly charged cations mdlcatmg that the charge/radius ratio 1s 
of some slgmflcance m determining bmdmg of water Thus, for the same 
radius, doubly charged cations have greater capacity than singly charged 
ones It 1s also slgmflcant that Fig 4 displays a positive intercept implying 

50 100 150 200 

TEMPERATURE ('C) 

Fig 3 Companson of the forms of the DSC and DTG thermal curves for the same sample of 
DOWEX MSC-1 ion exchange resm, potassium form 
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TABLE 3 

Water loss characteristics of a senes of Ion-exchange resins as monitored by TG 

Cation Ionic radius Weight Resin capacity T 

(A, loss (%) (g H,O (g dry resin)-‘) (?) 

A13+ 05 27 5 0 38 88 
Ll+ 06 25 7 0 35 85 
Mg2+ 0 65 27 3 0 38 87 
Zn’+ 0 74 26 8 0 37 87 
Naf 0 95 19 3 0 24 77 
Ca2+ 0 99 22 8 0 30 86 
Sr’+ 1 13 19 4 0 24 79 
Ba2+ 135 18 1 0 22 75 
K+ 1 33 17 0 0 20 77 

Resin = Dowex MSC-1 with cations as indicated Scan rate = 10 o C n-m-l Sample size = 10 

mg 

that there are sites for water adsorption which are Independent of the catlon 
type This common intercept could perhaps be attributed to the sulphonate 
anion 

Fig 4 Correlation of the dry resin water capacity urlth the inverse of the cation radius 0, 
Mono-valent cations, w, dlvalent cations 
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SUMMARY 

The results of this study show that DSC and TG analysis of water 
desorptlon provides slmllar but complementary mformatlon The catlon type 
1s shown to exert a slgmflcant effect on the capacity of the resin to absorb 
water The failure to observe such effects m earlier studies [3] of drying of 
polar solvents must be attributed to competltlve absorption of the polar 
solvents on cation sites which reduces the observed differences m capacity 
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